Abstract. We use a finite element model incorporating plate motion boundary conditions, fault constraints, and space geodetic velocities to calculate eastern Mediterrahean plate kinematics and to estimate the motion of the region's major faults.
Introduction
A large uncertainty remains on the dynamics active in the Aegean, with contrasting models put forth to explain the kinematic observations and driving forces proposed for the regional tectonics. Much attention was paid to the westward extrusion of Anatolia towards a fixed Adriatic as the driving mechanism for Aegean dynamics [Tayrnaz et al., 19911; others favor the gravitational collapse of the continental lithosphere margin induced by the topographically generated potential energy gradient between central Greece and the deepest Hellenic arc [Hatzfeld et al., 1997; Davies et al., 19971;  or the rollback of the African plate subducting at the Hellenic arc as the main driving factor [Oral et al.. 1993; LePichon et al.. 1995; Wortel, 1996, 1997; Cianetti et al., 19971. In this study we use finite element modeling to construct a model of regional kinematics constrained by space geodetic vectors and by the orientation and kinematic style of major faults. We then attempt to reproduce this model by imposing different sets of boundary conditions to gauge the relative contributions of trench suction and collisional models.
Finite element model
Wc solve for crustal displacements on an elastic spherical shell under plane stress conditions using a finite element approach which allows the mesh to be cut by faults [Lundgren el 
Model results and discussion
To test models of eastern Mediterranean tectonics we construct different numerical models for the plate margin kinematics. Our modeling approach hinges on three main assumptions: 1 . The available geodetic data allow us to construct a regionalscale model that can be tested against the known seismotectonic elements and rates of the major fault structures and thus reproduces nature to the best of our geodesy constraints and finite-element modeling; this model is thus taken as the benchmark for all further modeling. 2 . While the model is purely kinematic, we identify subsets of the geodetic constraints that we relate to specific tectonic forces allowing us to reproduce different dynamic scenarios, i.e. imposing the geodetic vectors along the Hellenic arc to simulate the effect of trench suction or using truss bars along the Western Anatolia margin to mimic gravitational lithospheric collapse [Sonder and England, 19891; 3. A I-D evaluation of strain and strain-rate along an BW minor arc cutting our model allows us to quantify the deforrnation pattern and highlight the different regions and patterns contributing to the regional geodynamics. Our starting model ( the East Anatolian Fault. The overall pattern demonstrates that the geodetic constraints are sufficient to calibrate a consistent regional model. Our goal is to reproduce different geodynamic scenarios and broad patterns of strain rather than to highlight how deformation concentrates on individual faults.
We thus use a simplified model F1 without faults in the Aegean and western Anatolia, with a zone of weak crust in the NW Aegean to decouple our tests from complications in the Dinarides and Balkans.
To compare the deformation patterns for different models, we display the strain and continuum rate tangential to a small circle about the Euler pole calculated for Anatolia (based on the A pronounced extension, with corresponding increase in continuum motion moving toward the Aegean, takes place across western Anatolia; a N-S extension dominates the seismicity and neotectonic observations and has been related by several authors to the collapse of the continental lithosphere margin. Due to the chosen geometry, here we display only the ENE-WSW component of extension. The Aegean basin is under slight compression tangent the small circle, as confirmed by a recent, more complete compilation of GPS vectors across the whole area [Reilinger et al., 19981. The calculated strain pattern is in agreement with the proposed recent change of stress field in the Aegean from a NE-SW extensional regime to a NNW-SSE extensional regime [Meijer and Wortel, 19961 and points to an almost rigid Aegean plate, moving away from Anatolia on a more southerly trajectory. We now seek to understand what subset of boundary conditions match the fully constrained crustal motions (Fig.  I ). We present four models which test various combinations of plate forces. We have also examined the effects of varying the continuum material properties. with the expected result that the more heterogeneous models (shown here) attain more pronounced deformation in areas of relatively lower strength.
In the first model (Fig. 2, 3A) we only impose the NUVEL I A constraints on the African and Arabian plates and GPS vectors on the northern Arabian plate margin and continental Anatolia. This allows us to match the motion of Anatolia as required (e.g. Fig. I ), but in the Aegean continuum rates diminish, resulting in compressional strain due to the dissipation of the push from Anatoiia.
To test the effect of slab rollback or trench suction at the Hellenic Arc. the second model (Fig. 2, 3B ) reverses the geodetic constraints, imposing SLR rates in the Aegean and turning off all other geodetic constraints and the plate boundary conditions of Arabia and Africa rotation. This model produces extensional strain across the Aegean, due to the dissipation of the trench retreat, but fails to pull Anatolia rigidly along at the observed rate and rotation, leaving eastern Anatolia with little motion. Even in models with uniform high rigidity and coupling of the Aegean-Anatolian province this model could not produce the correct pattern of velocities across Anatolia.
The third model (Fig. 2, 3C) simulates the combined effect of slab pull and plate push, and includes the SLR vectors at the Hellenic Arc, the NUVELlA far-field plate motions and GPS vectors south of the East Anatolian fault. This model comes closest to matching the fully constrained velocity pattern (Fig. I) Fig. 2A) ; as a result, the velocity profile in Fig. 2B is significantly lower than expected (confirming the results from Cianetti et a f . [1996] ).
The strain and velocity profiles (Fig. 2) highlight the effects of trench suction and plate push. Plate push at the eastern Anatolia margin will always result in compressional strains; by making the Anatolia plate more rigid, conforming to its expected rheology, Anatolia behaves as a true plate, transmitting the compression to its western margin. Pulling at the arc always results in extensional pattern in the Aegean, with intensity and the rate fall-off distance inversely proportional to rigidity. The question remains:
how to achieve the observed strain and velocity profiles from a model with reasonable material properties and the commonly accepted tectonic forces?
We find two mechanisms capable of concentrating the deformation in the western Anatolia margin, achieving a good match to the F1 profiles in Fig. 2 . Firstly, we simulate the conditions where the weakest part of the model is indeed the Anatolia margin, as a result of pervasive extension sharply reducing the shear strength of its brittle layer. We modify model C by increasing the strength of the Aegean crust an order of magnitude; conversely, the Aegean behaves almost rigidly, transferring the trench suction to the only area now capable of significant deformation, the western Anatolia margin, and the strain and rate profiles (C' in Fig. 2 ) achieve a better match t o profiles F1. A high rigidity Aegean plate has been proposed by Sonder and England [ 19891. A rigid Aegea can alternatively be viewed as a proxy for basal tractions due to mantle corner flow as suggested by Wdorvinski et a f . . [ 19891. A second possibility is to invoke a distinctly different physical mechanism, i.e. the gravitational collapse of the unsustained continental lithospheric margin. to explain the increase in velocities from central Anatolia to western Anatolia.
This mechanism is central to modern interpretations of subduction initiation and marginal basin formation in the Mediterranean and continental highland deformation (Faccenna ef al., 1996; Jones et al., 1996; England and Molnar, 1997). We obtain model D (Fig. 3D) by adding rigid truss bars to model C t o impose the extension derived from the GPS vectors (Fig. IA ) across western Anatolia (truss bars only impose relative, not absolute constraints) leaving Anatolia and the Aegean free t o partition the remaining strains according to the adopted rigidities. Model D obtains results very similar to profiles C', but features the nominal rigidity for the Aegean and Anatolia and a lower rigidity (l/lO nominal) for western Anatolia. This suggests that gravitational extension across western Anatolia can reproduce much of the observed strain and motion along the arc tangential to the rotation of Anatolia.
Conclusions
We employ a 2-D elastic shell finite element technique to test models of Anatolian-Aegean geodynamics. The model that is constrained by the available space geodetic data gives fault rates across major faults that agree with independent estimates for the Gulf of Corinth, and provide estimates for other major faults where greater geologic uncertainty exists. We find that the modeled kinematics of the region require both fast trenchward motion of the Hellenic arc and extrusion of Anatolia due to the collision of Arabia. Additional driving mechanisms are required to sustain the near constant high velocity observed across the Aegean and the sharp extension seen along the W. Anatolia margin, interpreted as the effect of gravitational lithospheric collapse. [1997] . The two black bars across this arc mark the 30 and 60" locations. 
